Background/Aims: Membrane-type matrix metalloproteinases (MT-MMPs) are expressed on the cell surface and hydrolyze extracellular matrix components and signaling molecules by which they influence cancer cell migration and metastasis. Two of the six known MT-MMPs are anchored to the plasma membrane via a GPI anchor, one of which is MT4-MMP. Only little is known about MT4-MMP expression, synthesis, regulation and degradation. Methods: We analyzed several human cancer cell lines as well as tissue homogenates using Western blotting and quantitative PCR for the expression of MT4-MMP. Organelles of SK-Mel-28 cells were separated using continuous Iodixanol gradients. Glycosylation of the SK-Mel-28 protein was studied via glucosidases and site directed mutagenesis of the MT4-MMP cDNA prior to transfection. Results: We found the MT4-MMP highly expressed in human melanoma cell lines as well as skin and melanoma tissue samples. Three forms of MT4-MMP with molecular masses of 45 kDa, 58 kDa and 69 kDa were detected. Further, we demonstrate that the 58 kDa form is the mature protein in the cell membrane, while the 69 kDa form is its precursor found in intracellular compartments. The 69 kDa forms are processed by furin cleavage in the Golgi apparatus. Moreover, we identified Asn 318 as the single N-glycosylation site of MT4-MMP. Conclusion: We demonstrate the novel expression of MT4-MMP in melanocytic tissues and propose a precursor/product-relationship of the different forms of MT4-MMP in melanoma cells.
Expression and Characterization of Membrane-Type 4 Matrix Metalloproteinase (MT4-MMP) and its Different Forms in Melanoma

Introduction
Matrix metalloproteinases (MMP) are a family of zinc-dependent endopeptidases that degrade matrix components and process signaling proteins. They play key roles in many Tumor tissue collection and handling Tissue samples were snap-frozen immediately upon removal and stored in liquid nitrogen until analysis. The homogenization of the tissue was done by mortar and pestle in a nitrogen bath, and the powder was used for protein homogenates. The protocol was approved by the Ethics Committee of the University of Tuebingen, Germany, and was conducted in adherence to the principles of the Declaration of Helsinki. Each patient signed a written consent form for the use of tissues for research purposes.
Preparation of cell lysates and total RNA extracts
Cells were scratched in Radio Immuno Precipitation Assay buffer (150 mM NaCl; 1.0% NP-40; 0.5% Sodium-deoxycholate, 0.1% SDS (sodium dodecyl sulphate), 50 mM Tris, pH 8.0) with addition of protease inhibitor cocktail 0.01% (Sigma Aldrich, St. Louis, MO) and incubated on ice for 20 min. Cell debris was removed by centrifugation (10 min, 16 .000 rpm, 4°C), and protein concentration was determined with Lowry protein determination kit (Bio Rad, United Kingdom). Samples were mixed with 2x sample buffer (±8M urea; ±8 M β-mercaptoethanol; 50 mM Tris/HCl pH 6,8; 1,6% SDS; 7% glycerol; 0,0016% bromphenol blue) and optionally heated (10 min, 80°C) followed by SDS-Page and immunoblot analyses with various antibodies. RNA was isolated from 2x10 6 cells with RNeasy kit (Qiagen, Netherlands) following the manufacture's protocol. RNA amount and integrity were analyzed by measuring the optical density.
cDNA synthesis and real time quantitative PCR
For cDNA synthesis 1 µg total RNA was applied to the iScript cDNA Synthesis Kit (BioRad, United Kingdom) as described in the manufacture's protocol. cDNA (corresponding to 1 pg to 100 ng total RNA) was added to 2X SYBR Green reaction mix containing 4 pM primer pair per reaction. Samples were run in duplicates from three independent experiments in addition to standards (10 2 -10 7 copies) and no template controls for each gene. Real time quantitative PCR was performed by CFX96 system (BioRad, United Kingdom) using the same thermal cycle conditions for all primers (5 min, 95°C for hot start followed by 40 cycles of 10 s, 95°C; 15 s, 60°C and 29 s, 72°C). C T analysis was done with BioRad CFX Manager 3.1 software, and values were normalized with the geometric mean of the three reference genes (GAPDH, β-actin and α-2 microglobulin). Table 2 lists the primers used for quantitative PCR.
Site directed mutagenesis
Site directed mutagenesis was performed using the QuikChange Site-Directed Mutagenesis Kit from Agilent Technologies and followed the manufacture's protocol. Primers used for the SDM are given in Table  2 . Mutations were verified by DNA sequencing, done by Source Bioscience, Berlin.
Subcellular fractionation
For subcellular fractionation, cells from four confluent 10 cm plates were scratched in homogenization buffer (0,25 M sucrose, 1 mM EDTA, 10 mM Hepes-NaOH, pH 7,4) and subsequently homogenized using Table 1 . Non-melanoma cancer cell lines. * All media were supplemented with 10% FCS and antibiotics. DMEM -Dulbecco's modified eagle's medium; LG -Low glucose; RPMI -Roswell Park Memorial Institute gentleMACS Dissociator (Miltenyi Biotec GmbH, Germany). Membranes from the post-nuclear supernatant were pelleted by ultracentrifugation at 100.000xg for 1 h at 4°C (Rotor: SW41Ti, Beckman Coulter, Pasadena, CA). A continuous 1-25% (w/v) iodixanol gradient was generated from the bottom using a two-chamber gradient maker and underlaid with the homogenized membrane pellet. After ultracentrifugation for 3 h, 200.000xg at 4°C (Rotor: SW41Ti, Beckman Coulter, Pasadena, CA) 500 µl fractions were taken from top with a piston gradient fractionator (BioComp Instruments, Fredericton, Canada) and fractions 2-22 were applied to two SDS-PAGE gels. Gels were blotted onto PVDF membranes and analyzed with the indicated antibodies. Ioxidanol concentration was determined via refractometry.
Surface biotinylation, proteinase K and PI-PLC treatment Proteinase K. SK-Mel-28 cells were washed twice and incubated on ice with proteinase K (100 µg/ml in PBS -, 1 mM EDTA) for 30 min while gently shaking. Cells were washed and lysed in RIPA buffer. Surface biotinylation. The method was adapted from Buk et al. [21] . All steps were performed on ice. Confluent SK-Mel-28 cell were washed with PBS ++ three times for 5 min and once for 15 min with a biotinylation buffer (120 mM NaCl, 20 mM NaHCO3, 1 mM MgCl 2 , 0.1 mM CaCl 2 , pH 8.5). Incubation with sulfo-NHS-biotin (0,5 mg/ml) was performed twice for 20 minutes. Remaining biotin was removed by one wash for 15 min with biotinylation medium (RPMI, 0.2% BSA, 20 mM HEPES, pH 7.4) and three washes with PBS -for 5 min. Cells were lysed in 1 ml RIPA and lysates were precipitated overnight with NeutrAvidin beads in an overhead shaker at 4°C. Beads were washed 4 times with RIPA and boiled 5 min in 2x Laemmli buffer to remove the protein. The supernatant from the overnight incubation was precipitated with TCA/acetone. Equal amounts of protein were loaded onto an SDS-PAGE.
PI-PLC. Serum starved SK-Mel-28 cells were incubated with 0.2 U/ml of phosphoinositide phospholipase C (PI-PLC) for 3 h at 37°C, 5% CO 2 . Medium was precipitated with 12 % TCA (w/v) for 30 min on ice and pellets subsequently washed twice with acetone (-20°C). Cells were lysed as above. All experiments included negative controls, incubated with the respective medium only.
Stimulation of cells
Subconfluent SK-Mel-28 cells were treated with medium supplemented with the respective substance of interest (furin inhibitor (N2- 
Results
Melanocytic tissues and skin express MT4-MMP protein
Though many cell lines and tissues express MT4-MMP mRNA [5, 8, 10] , the protein is less abundant. Therefore, most studies on MT4-MMP were performed with transfected cell lines [13, 14, 17, [22] [23] [24] . To find a suitable model to study the MT4-MMP and its natural regulations we analyzed different cancer cell lines for both MT4-MMP mRNA and protein expression. Of the tested non-melanoma cancer cell lines, only MCF-7 breast cancer cells showed slight MT4-MMP protein bands in the western blot (Fig. 1A) . However, we found MT4-MMP protein to be abundantly expressed in 11 out of 14 tested melanoma cell lines (Fig. 1B) . To our knowledge, this is the first report of MT4-MMP protein expression in melanoma cells. Under reducing conditions, the protein is detected in SDS-Page at three molecular masses: 69 kDa, 58 kDa and 45 kDa. All three forms present as double bands and in amounts varying between the different cell lines. Figures 1C and 1D depict the MT4-MMP mRNA expression level in non-melanoma and melanoma cell lines. The mRNA results are consistent with the western blot data in all cell lines except Mewo and SK-Mel-30, which express MT4-MMP mRNA but hardly any protein. To exclude that the MT4-MMP expression in melanoma cell lines is a cell culture artifact, skin and melanoma tissues were tested for their MT4-MMP protein.
To this end, we analyzed human biopsies of normal skin (n= 4), nevus cell nevi (n= 9), primary melanoma (n= 12), and melanoma metastases (n= 18). All of the tested 43 tissue samples were positive for the MT4-MMP protein. Figure 2 shows a representative subset. Although we detected MT4-MMP protein in all samples, the relative amount of the different molecular weight forms varied considerably. Under reducing conditions ( Fig. 2A) , the 45 kDa and 58 kDa forms were mostly present, again as double bands, but only few tissue samples contained the 69 kDa forms. Under non-reducing conditions one band at 110 kDa was mainly present (Fig. 2B ). Sohail et al. previously characterized this form as a homo-dimer in mouse tissues and transfected MDCK cells [19] . Interestingly, we also detected the 69 kDa forms under non-reducing conditions suggesting a monomeric state (Fig. 2B) . The SK-Mel-28 cell line was used in the following experiments as it showed the highest detectable levels of the MT4-MMP protein. 
The 58 kDa form of MT4-MMP is exposed to the outside of the cell
The MT4-MMP is a GPI-anchored protein and therefore faces the cell exterior. We performed three different experiments to analyze which of the different MT4-MMP forms were located at the plasma membrane (Fig. 3) . In the first experiment, we used proteinase K, a broad-spectrum peptidase, to digest possible cell surface-bound forms of MT4-MMP. To this end, SK-Mel-28 cells were incubated with proteinase K at 4°C for 30 min. Western blot analysis demonstrated that the 58 kDa MT4-MMP variants were no longer detectable in the proteinase K-treated SK-Mel-28 cell lysates while the 69 kDa and 45 kDa variants were unaffected by proteinase K treatment (Fig. 3A) . In a second experimental approach, we performed surface biotin labeling using sulfo-NHS-biotin, which forms covalent bonds with amino acid residues of surface exposed proteins. Surface labeling with biotin and subsequent avidin precipitation of the labeled proteins resulted in an exclusive precipitation of the 58 kDa MT4-MMP forms whereas the 69 kDa and 45 kDa forms remained in the supernatant (Fig. 3B) . As a third experiment, we used the enzyme phosphoinositide phospholipase C (PI-PLC) to cleave the phosphodiester bond of the phosphatidylinositol anchor which results in the release of a GPI-linked proteins into the medium [25] . In line with the results gained before, the medium from PI-PLC treated SK-Mel-28 cells contained only the 58 kDa forms (Fig. 3C) , whereas the other two forms were found in the cell lysate (Fig. 3C) . From all three experiments, we conclude that the 58 kDa MT4-MMP forms were the only forms exposed to the cell exterior and that the 69 kDa and the 45 kDa variants were localized intracellularly. Fig. 2 . MT4 MMP protein expression in melanoma and skin tissue samples. 30 µg of protein were subjected to SDS-PAGE and Western blotting. Representative images of 43 samples in total. Skin samples were run on separate blots. A Protein samples treated with 2x sample buffer with urea and βME and boiled (reducing conditions. B Samples were suspended in 2x sample buffer without urea or βME (non-reducing conditions). Lower panel β-actin. NZN -nevus cell nevus; ALM -acral lentiginous melanoma; S.c. met. -subcutaneous metastasis Fig. 3 . Surface localization of MT4-MMP. A Cells were incubated on ice with or without proteinase K (100 mg/ml in PBS -) for 30 min. B Surface proteins were labeled with sulfo-NHS-biotin and after lysis precipitated with neutravidin beads (AP). Negative control was treated equally without adding sulfo-NHS-biotin. Supernatant was TCA precipitated after removal of the avidin beads (SN). C Serum starved cells were digested with phosphoinositide phospholipase C (0,2U/ml) for 3 h. Cells were lysed as described in the Method section and medium was precipitated with TCA. All experiments were repeated three times. MT4-MMP (upper panel), and β-actin detection (lower panel). 
The 69 kDa variants of MT4-MMP are found in the ER/Golgi compartment
To this end, membrane fractions were prepared from SK-Mel-28 cell homogenates and applied to a continuous iodixanol gradient (0-25%). 22 fractions were subjected to western blotting and tested for MT4-MMP as well as the organelle markers calnexin (ER), syntaxin 6 (Golgi apparatus) and Na + K + -ATPase (plasma membrane). In the iodixanol gradient, the 58 kDa forms separated from the 69 kDa forms (Fig. 4A) . When the signal intensities of the proteins were plotted in a diagram (Fig. 4B) , the 69 kDa MT4-MMP forms preferentially aligned with markers for the ER (calnexin) and Golgi apparatus (syntaxin 6). In contrast, the 58 kDa forms migrated with the plasma membrane marker (Na + K + -ATPase). This suggested that the 69 kDa variants might be the intracellular precursor of the 58 kDa forms. For the 45 kDa forms, only a marginal signal was detectable in the immunodetection.
Furin processes the MT4-MMP
All MMPs are synthesized as precursors, carrying a propeptide that blocks the enzymatic domain. In the literature, it was often stated but never shown that the MT4-MMP is activated by furin based on its furin cleavage consensus sequence. We used a chemical furin inhibitor to assess whether the activation of the MT4-MMP is achieved by furin. Figure 5 shows the resulting bands from the furin inhibition. The 58 kDa band decreased upon furin inhibition while the 69 kDa increased significantly (Fig. 5) . The amount of the 45 kDa forms remained unaltered.
The MT4-MMP is N-glycosylated at Asn 318
The observation that all three MT4-MMP forms appeared as double bands suggested that they might represent differentially glycosylated forms. Sohail et al. reported that the MT4-MMP is N-glycosylated in transfected MDCK cells [19] . In order to confirm this in cells that naturally express MT4-MMP, we treated SK-Mel-28 cell lysates with EndoH, which only cleaves immature mannose rich N-glycosylations, and with PNGase F, which cleaves all N-glycosylations. The slower migrating of all three double bands disappeared after PNGase F treatment (Fig. 6A) , while the 58 kDa form still presented as double band after EndoH incubation. We concluded that the MT4-MMP is partially N-glycosylated and the 45 kDa and 69 kDa forms carry immature N-glycosylations. NetNGlyc 1.0 predicted two possible glycosylation sites, Asn 137 and Asn
318
. To explore which of the two potential sites is used, we individually replaced the two Asn by Gln in an MT4-MMP expression vector and stably transfected MDCK cells with the resulting plasmids. Western blotting and immunodetection of the clones identified Asn 318 as the only used N-glycosylation site (Fig. 6B) . The MT4-MMP N318Q mutant did not show a difference in protein half-life when compared to the wild-type form in MDCK cells (data not shown). In addition, neither protein sorting to lipid rafts or to the apical plasma membrane nor dimerization was affected by the lack of N-glycosylation (data not shown).
The 45 kDa form is a degradation product of the 69 kDa form
Tunicamycin was used to further study the glycosylation. Upon tunicamycin treatment, the 58 kDa form disappeared from the western blot while the bands of the 45 kDa and 69 kDa variants increased in their intensity with only the lower of the double bands being present (Fig. 7A) . As tunicamycin induces ER stress, brefeldin A (BFA) was used to test whether the vast increase of the 45 kDa form might be due to an ER stress response. Upon treatment with BFA, the 58 kDa bands fainted, while the intensity of the 69 kDa increased and the 45 kDa form was unaltered compared to the untreated control (Fig. 7B) . After both treatmentstunicamycin and BFA -a new band appeared at ~75 kDa.
Discussion
Compared to other MMPs little is known about the function, regulation, synthesis or degradation of MT4-MMPs. One obstacle of the past was that all cell lines analyzed to date expressed very little MT4-MMP protein. In this study we succeeded to identify a cell type that abundantly expresses the MT4-MMP protein allowing us to study its synthesis and processing in an authentic cell type. To our knowledge, this is the first report of MT4-MMP expression in melanoma cells. Of note, SW 620, HeLa and MCF7 cells [8, 11] were reported to express MT4-MMP mRNA before, but these studies were lacking protein expression data. The MT4-MMP mRNA expression in MCF7 cells was at least one order of magnitude lower than in melanoma cells. Two of our tested melanoma cell lines expressed the MT4-MMP mRNA abundantly but also failed to translate it into protein. This may be due to alternative splicing, point mutations, miRNA or deletions in this gene. The correlation between mRNA and protein abundance or the lack of it has been described before, and a review on the topic is available [26] .
Tissue samples of skin, non-transformed nevi, primary melanoma, and melanoma metastases were also tested positive for MT4-MMP -excluding that the MT4-MMP expression in melanoma cell lines was a cell culture artifact. The MT4-MMP was primarily present as dimers as the native protein blots indicate (Fig. 2A) . The dimerization might be crucial for MT4-MMPs functions. Only one of the tested samples contained the 69 kDa form. The 69 kDa form was detected in both -the native and the denatured sample. This protein form is mostly referred to as MT4-MMP in the present literature. In contrast, the 58 kDa and 45 kDa forms were abundantly expressed in all tested homogenates independent of their origin.
Köhrmann et al. compared mRNA of multiple MMPs from cancer and normal breast tissues [27] . The MT4-MMP mRNA levels in cancerous and normal tissue were comparable; thus, they concluded that the protein expression should be unaffected. However, the findings were not corroborated by protein expression data. In contrast to the latter results, Chabotteaux et al. described elevated MT4-MMP mRNA and protein in cancerous compared to normal breast tissue [13] . Preliminary studies in our lab with primary human cells indicated that melanocytes expressed MT4-MMP, whereas skin fibroblasts or keratinocytes showed no MT4-MMP expression (data not shown). The master regulator of melanocyte development is the microphthalmia-associated transcription factor (MITF). Its expression is limited to melanocytes, osteoclasts and mast cells. A study on the targets of the MITF revealed its influence on MT4-MMP expression [28] : MT4-MMP expression increased by 27 fold upon MITF induction. Taken together, we conclude that skin/melanoma is a suitable model to study MT4-MMP, as the protein expression here seems to be higher than in those cell lines or tissues studied before.
In SDS-PAGE, the immunoreactive MT4-MMP proteins migrated as double bands with three different molecular masses, 45 kDa, 58 kDa and 69 kDa. We found those forms in most tested melanoma cell lines as well as in the tissue samples. Our experiments with proteinase K, biotin surface labeling and PI-PLC show that the 58 kDa forms are GPI-linked and located at the plasma membrane facing the outside of the cell. The other two forms are thus intracellular variants since they were unaffected by the different treatments. In the continuous iodixanol gradient, the 69 kDa forms floated with ER/Golgi markers suggesting that they were located in these organelles. The co-localization of the 58 kDa form and the Na + K + -ATPase corroborates the plasma membrane localization of this form. After fractionation, only marginal amounts of the 45 kDa form could be recovered from the gradient. Also the 100.000xg membrane pellets (see methods) that were applied to the gradient centrifugation lack the 45 kDa forms (data not shown). This form is therefore neither membrane-associated nor does it reside inside those organelles contained in the pellet.
Sohail et al. found the MT4-MMP to be N-glycosylated, a finding, which we confirmed in SK-Mel-28 cell lysates using glycosylases. Further, we identified the glycosylation site by substituting the respective putative Asn 137 and Asn 318 with glutamine. Our results in transfected MDCK cells identified Asn 318 as the only N-glycosylation site. The double bands in the western blot indicated incomplete glycosylation of this site. The partial glycosylation process may influence the effects or stability of MT4-MMP due to steric differences in the protein structure.
Just recently, a comprehensive review on MMP glycosylation was published by Boon et al. [29] where they summarized the current knowledge on MMP glycosylation. As already shown for other MMPs, MT4-MMP glycosylation is only partial. A possible influence of the glycosylation on the functions of MT4-MMP is hard to study at this point due to the unknown substrates and degradation pathway. In our hands, the glycosylation had no influence on the protein half live or sorting to the apical membrane in transfected MDCK cells (data not shown).
EndoH digest revealed that the 45 kDa form carries high mannose -and therefore immature -N-glycosylations (Fig. 6A) . The generation of the 45 kDa forms is independent of furin cleavage (Fig. 5 ) and the amount of the form increases upon ER stress (Fig. 7) . We conclude from the results gained here that it is a degradation product of the 69 kDa form, which is degraded prior to its full maturation. We assumed that the variant might be generated by ER-assisted protein degradation (ERAD), but proteasome inhibition did not alter the amount of 45 kDa MT4-MMP (data not shown).
Interestingly, transfected MDCK cells did not express the 45 kDa forms at all. Similar small molecular weight variants were described for MT6-MMP in human neutrophils as well as in MT6-MMP transfected Cos-7 cells [30, 31] . Those small MT6-MMP forms partly originated from autocatalysis. Autocatalytic degradation was described for the MT4-MMP [22] , however, the here-described 45 kDa variant is probably not a product of autocatalysis, as MT4-MMP transfected MDCKs lack these forms. In addition, furin inhibition did not alter the protein amount of the 45 kDa form thus it is formed while the MT4-MMP catalytic domain is blocked by the propeptide. Proteinase inhibitor experiments could enlighten the origin of the 45 kDa MT4-MMP variants. The abundance of the 45 kDa forms in the tissues led us to believe that those forms are not mere degradation products. We are currently studying the formation of these forms as well as possible functions.
The low amount of 69 kDa MT4-MMP in the tissue samples suggests that this protein variant is rapidly processed into either the 58 kDa or the 45 kDa form. The generation of the 45 kDa form might represent a regulatory pathway where the protein is prevented from maturation. This regulation could be disrupted in melanoma leading to increased action of MT4-MMP. The MT4-MMP has no appreciable activity towards matrix components, like collagen or fibrin. However, it is able to cleave other matrix components and proteins that might facilitate melanoma progression. One major feature of tumor progression is increased cell migration. In zebrafish, the loss of function mutation of MT4-MMP resulted in impaired migration of neural crest cells, which are the precursors of melanocytes [32] . Melanocyte distribution was subsequently altered and the authors concluded that MT4-MMP is needed for proper neural crest cell/ melanocyte migration [32] . Migration was also impaired in smooth vascular muscle cells in the aorta in MT4-MMP deficient mice [7] . This was due to the lack of osteopontin cleavage in the MT4-MMP -/-mice [7] . Osteopontin is a glycoprotein in the ECM with versatile functions in tumor progression, including the enhancement of tumor cell migration [33] [34] [35] . Hence, increased MT4-MMP activity could result in increased migratory potential in tumors due to osteopontin cleavage. We are currently investigating MT4-MMPs role in the migratory potential of melanoma cells and the underlying mechanisms. Preliminary data from our lab indicate that down-regulation of MT4-MMP in SK-Mel28 cells results in a reduced migration of the cells.
Another prerequisite for tumor progression is angiogenesis. The activity of ADAMTS4 has been associated with melanoma growth and angiogenesis in mice [36] . ADAMTS4 is activated by MT4-MMP [24] . This connection has been widely studied in arthritis due to ADAMTS4 enzymatic activity towards aggrecan which results in degradation of cartilage and inflammation facilitating the progression of arthritis [16] . In melanoma, ADAMTS4 seems to have double-edged functions. When inactive -still carrying the propeptide -ADAMTS4 exhibits anti-tumorigenic features which is reversed upon propeptide cleavage [36] .
Overexpression of the active MT4-MMP could therefore lead to increased activation of pro-tumorigenic factors in the ECM. However, future studies should also focus on physiological roles of MT4-MMP, as its expression was comparable in skin, nevi and malignant tissues.
Together, our results propose human metastatic SK-Mel-28 melanoma cells as novel model for MT4-MMP research and provide an insight into the different forms of MT4-MMP as well as their subcellular location. Future studies should distinguish between the different MT4-MMP forms and refer to the 58 kDa from as the active protein.
